Notch signaling plays a pivotal role in the regulation of vertebrate neurogenesis. However, in vitro experiments suggest that Notch1 may also be involved in the regulation of later stages of brain development. We have addressed putative roles in the central nervous system by examining the expression of Notch signaling cascade components in the postnatal mouse brain. In situ mRNA hybridization revealed that Notch1 is associated with cells in the subventricular zone, the dentate gyrus and the rostromigratory stream, all regions of continued neurogenesis in the postnatal brain. In addition, Notch1 is expressed at low levels throughout the cortex and olfactory bulb and shows striking expression in the cerebellar Purkinje cell layer. The Notch ligands, including Delta-like1 and 3 and Jagged1 and Jagged2, show distinct expression patterns in the developing and adult brain overlapping that of Notch1. In addition, the downstream targets of the Notch signaling cascade Hes1, Hes3, Hes5 and the intrinsic Notch regulatory proteins Numb and Numblike also show active signaling in distinct brain regions. Hes5 coincides with the majority of Notch1 expression and can be detected in the cerebral cortex, cerebellum and putative germinal zones. Hes3, on the other hand, shows a restricted expression in cerebellar Purkinje cells. The distribution of Notch1 and its putative ligands suggest distinct roles in specific subsets of cells in the postnatal brain including putative stem cells and differentiated neurons. q
Results and discussion
The role of Notch signaling in the regulation of embryonic progenitor cell differentiation has been extensively studied (Chitnis et al., 1995; Dorsky et al., 1997; Furukawa et al., 2000; Gaiano et al., 2000; Henrique et al., 1997; Lanford et al., 1999; Lütolf et al., 2002; Morrison et al., 2000; Muskavitch, 1994; Nieto et al., 2001; Scheer et al., 2001; Tanigaki et al., 2001; Wakamatsu et al., 2000) . However, currently little is known about the involvement of Notch signaling in other phases of neural development. In vitro experiments indicate that Notch1 may play a role in postmitotic neurons by regulating neurite formation (Berezovska et al., 1999; Franklin et al., 1999; Redmond et al., 2000; Sestan et al., 1999) . Therefore, we examined the expression patterns of Notch1 and its putative ligands in the postnatal mouse brain. At P4, high levels of Notch1 transcripts were detected in the subventricular zone (SVZ), the region that gives rise to the olfactory neurons and contains putative stem cells of the postnatal brain (a summary of the expression data at P4 is shown in Table  1 ). Notch1 expression is also associated with cells lining the ventricular zone overlying the SVZ and the lateral ventricles over the hippocampal structure (Table 1) . Punctate expression of Notch1 mRNA is evident in the dentate gyrus but is not associated with the majority of granule cells (Table 1) . Notch1 transcripts are also evident in cells along the putative rostromigratory stream (RMS) towards the olfactory bulb (data not shown). Expression of the ligand Jagged1 can be found in the SVZ and dentate gyrus where transcripts are mainly localized to granule neurons and neurons of the CA3 region (Table 1) . By contrast, at P4 Jagged2 mRNA is detectable in the pyramidal neurons of the hippocampus (Table 1) . The Notch ligands Dll1, Dll3 and Jagged2 are not detectable in the SVZ at P4.
In the adult, Notch1 transcripts remain prominently expressed in the germinal zones as well as in the RMS (Fig. 1A) . Within the SVZ, clusters of cells lying adjacent to the ventricle lining express Notch1 mRNA (Fig. 1B) . A few cells lining the lateral ventricles also retain Notch1 expression (Fig. 1A) . Within the hippocampus, small clusters of Notch1 expressing cells can be detected in the subgranule cell layer, another region of continued neurogenesis in the adult brain (Fig. 1C) . In addition, scattered Notch1 expressing cells can also be found in the brain outside the SVZ (arrows in Fig. 1B ) as well as in the stratum radialis (arrows in Fig. 1C ) and stratum oriens (arrowheads in Fig. 1C ) of the hippocampus. As in the early postnatal brain, Jagged1 expression can be detected in cells within and around the SVZ (Fig. 1D ) and in the granule cells of the dentate gyrus (Fig. 1E) . Expression of the Dll ligands could not be detected in the SVZ or dentate gyrus and Jagged2 transcripts were also not detected in the SVZ (Fig. 1F ) but were found to be restricted to the granule cells and pyramidal neurons throughout the hippocampus ( Fig. 1G ; a summary of the adult expression data is shown in Table  2 ). These expression patterns suggest that Notch1 may mark the stem cells of the postnatal brain.
We analyzed the expression of the HES genes in the postnatal brain to reveal activation of the Notch signal cascade. In contrast to Notch1 and Jagged1, Hes1 mRNA was not detected at P4 in the SVZ and dentate gyrus (Table 1) . However, Hes5 mRNA was detected in the SVZ and lining of the lateral ventricles in a pattern similar to that of Notch1 ( Fig. 2A) . Furthermore, expression of Hes5 at P4 showed a distribution similar to that of Notch1 in clusters of cells within the dentate gyrus (Fig. 2B ) as well as in scattered cells around the SVZ (arrows in Fig. 2A ) and within the stratum radialis (arrows in Fig. 2B ) and stratum oriens (arrowhead in Fig. 2B ) of the hippocampus. Hes3 mRNA was not detected in the forebrain of P4 animals (Table 1) .
Notch receptor activity is modulated by a number of intracellular proteins (reviewed by Kimble and Simpson, 1997) . Numb and Numblike are cytoplasmic proteins that bind to the intracellular domains of Notch receptors and negatively regulate signal transduction (Wakamatsu et al., 1999; Zhong et al., 1996) . Numb transcripts were not detected in the SVZ at P4 and at low levels in neurons within the hippocampus and dentate gyrus (Table 1) . Similarly, Numblike mRNA was found in cells throughout the forebrain but not in the SVZ (Table 1) . Numblike expression in the hippocampus was restricted to the pyramidal cells of CA1-3 with low levels in the granule cells of the dentate gyrus.
We examined the expression of the Hes genes in the adult brain to reveal an active Notch signal. As in the early postnatal brain, Hes1 and Hes3 are not expressed at detectable levels in the SVZ or in the adult hippocampus (Fig. 2C ,D and Table 2 ). However, Hes5 is expressed in clusters of cells within the adult SVZ and in the subgranule cell layer of the dentate gyrus in a pattern similar to that of Notch1 (arrows in Fig. 2E ,F). We also examined expression of Numb and Numblike in the adult brain. Numb expression was not detectable in the adult SVZ ( Fig. 2G ) but was detected in the granule cells of the dentate gyrus and in the pyramidal neurons of the CA1-3 region of the hippocampus ( Fig. 2H and Table 2 ). Likewise, Numblike transcripts were not detected in the adult SVZ ( Fig. 2I ) and only at low levels in cells throughout the dentate gyrus (Fig. 2J) .
In vitro gain-of-function experiments suggest that Notch signaling may play a role in neurons at later stages of development, particularly in the regulation of dendrite formation (Berezovska et al., 1999; Franklin et al., 1999; Redmond et al., 2000; Sestan et al., 1999) . Therefore, we examined the expression of Notch1, its ligands and downstream signaling components in the cerebral cortex. At P4, Notch1 mRNA levels in the cerebral cortex were low and only few Notch1 expressing cells could be detected by in situ hybridization (arrows in Fig. 3A ; insert shows a magnification of a Notch1 expressing cell in the cerebral cortex at P4). However, the ligands Dll1 (Fig. 3B ), Jagged1 (Table 1) and Jagged2 (data In the DG, Hes5 is expressed at low levels by cells of the subgranule layer (SGL) and cells throughout the stratum radialis (sr, arrows) and stratum oriens (so, arrowheads). Hes1 expression was not detected at prominent levels in the SVZ or DG of the P4 brain (see Table 1 cells appeared to be labeled. Similarly, both Numb and Numblike mRNAs were detected throughout the P4 cerebral cortex with no layer-specific distribution (Table 1) . Notch1 was found to be expressed at low levels with only a few scattered cells in the adult cerebral cortex (arrows in Fig.  3E ). In addition, Notch3 showed a distinct distribution in putative blood vessels running radially in the adult cerebral cortex (Fig. 3F) (Irvin et al., 2001) . The blood vessel expression of Notch3 RNA in the adult is similar to that seen in the P4 brain (data not shown) and may reflect the described function of Notch3 mutations in the human stroke disorder CADI-SIL (Joutel et al., 1996) . Dll1 expressing cells were detected throughout the cerebral cortex (Table 2) , however, Jagged1 and Jagged2 were detected in a patchy expression pattern throughout the adult cerebral cortex (Fig. 3G,H) . This reduced expression of Notch1 and its ligands was also associated with a reduction in the Hes gene expression. Only Hes5 could be detected in a subpopulation of cells scattered throughout the cortex in a distribution reminiscent of that of astrocytes (Fig. 3I) . The reduced Notch signaling in the adult cortex was supported by the expression of Numb and Numblike mRNA in the cerebral cortex (Fig. 3J,K) .
The cerebellum is a region of the vertebrate brain where extensive neurogenesis takes place postnatally (reviewed by Hatten et al., 1997; Hatten and Heintz, 1995) . Notch1 is prominently expressed in the developing cerebellum by the majority of cells in the developing Purkinje cell layer at P4 (Fig. 4A) . In addition, cells within the forming internal granule cell layer (IGL) and white matter also express Notch1. Based on their distribution, it is possible that these cells represent immature astrocytes and oligodendrocytes. We also found Notch3 expression within the forming Purkinje cell layer (Fig. 4B) , however, it is unclear whether these cells are Purkinje cells or the Bergmann glia (Fig. 4B) . Furthermore, recent data indicate that Notch2 is expressed by granule cell precursors in the cerebellum and may regulate the onset of differentiation in the EGL (Irvin et al., 2001; Solecki et al., 2001 ).
In situ hybridization revealed a prominent expression of Jagged1 in cells of the external germinal layer (EGL) as well as the granule cells of the IGL (Fig. 4D) . However, ligands of the Dll-family were not detected in the cerebellum at P4 (Fig. 4C and Table 1 ). The expression of Notch1, 3 and Jagged1 was associated with a prominent expression of Hes5 in the forming IGL and white matter as well as low levels of Hes1 in the IGL (Fig. 4E,F) . By contrast, Hes3 RNA was detected at low levels in putative Purkinje cells at P4 (Table 1) . The putative reciprocal expression of Notch1 and Jagged1 in Purkinje cells and granule cells, respectively, suggests a bi-directional interaction between these two cell-types. Furthermore, expression of the regulatory molecules Numb and Numblike was detected in the EGL and, to a lesser extent in the IGL (Fig. 4G,H) . Whereas Numb displayed a patchy expression throughout the EGL, Numblike expressing cells were mainly located within the inner portion of the EGL where granule cells commence differentiation (arrows in Fig. 4H ).
Finally, we examined the expression of Notch signaling molecules in the adult cerebellum. Notch1 expression was detected in the Purkinje cell layer (Fig. 5A ), but it cannot be excluded that cells in addition to the Purkinje cells such as Bergmann glia also express Notch1 (Fig. 5A ). In addition, cells within the IGL also displayed Notch1 expression (arrows in Fig. 5A ). Notch3, on the other hand, showed a more diffuse pattern of staining within the Purkinje cell layer and did not appear to be associated with the large pyramidal neurons but rather with cells surrounding the Purkinje cells (Fig. 5B) . The ligands Dll3 and Jagged1 are also expressed in the adult cerebellum. Whereas Dll3 is expressed by Purkinje cells (arrow in Fig. 5C ), Jagged1 is restricted to the granule cells (Fig. 5D ).
Hes1 and Hes5 expression was not detected in the adult cerebellum ( Fig. 5E and Table 2), however, an active Notch signal was supported by the prominent expression of Hes3 by Purkinje cells (arrow in Fig. 5F ). The increased expression of Hes3 between P4 and adult coincides with the differentiation of the granule cells and their synaptogenesis with Purkinje cells (reviewed by Hatten et al., 1997; Hatten and Heintz, 1995) . Interestingly, although Purkinje cells show an activation of Notch signaling with the expression of Hes3, they also express prominent levels of Dll3 (arrow in Fig. 5C ). The Purkinje cell-type Hes3 does not have a functional basic DNA binding domain (Hirata et al., 2000) , and is incapable of binding to DNA. This may allow the expression of Dll3, which would normally be repressed by Hes proteins. Finally, both Numb and Numblike mRNAs were detected in the adult cerebellum. Whereas Numb is expressed by both Purkinje cells (arrow in Fig. 5C ) and granule cells (Fig. 5G ), Numblike was only detected in the granule cells (Fig. 5H) . Our data indicate an extensive expression of Notch1 and activation of downstream signaling components in defined regions of the postnatal brain.
Materials and methods

In situ hybridization and probes
Brains were isolated and frozen in O.C.T. (TissueTech) on dry ice. Twenty mm frozen sections were thaw mounted onto Superfrost slides (Mettler), air-dried, and fixed in 4% paraformaldehyde. The midline parasagital sections of the postnatal brains were orientated between the cerebellar peduncles. In situ RNA hybridization was performed with digoxigenin-labeled RNA probes for Notch1 (867 bp encoding amino acid 1233-1520) , Notch3 (Lindsell et al., 1995) , Dll1 (dbEST Id:685391), Dll3 (mRNA 1-2100 bp (Dunwoodie et al., 1997)), Jagged1 (dbEST Id:544372), Jagged2 (dbEST Id:1183493), Hes1 (mRNA 1-708 bp), Hes3 (mRNA 1-661 bp), Hes5 (mRNA 1-992 bp), Numb and Numblike overnight at 728C in buffer containing 50% formamide, and detected using an anti-DIG-AP antibody according to manufacturer's instructions (Roche Diagnostics) (Wilkinson, 1992) . Expression was detected by colorimetric reaction using NBT (nitroblue tetrazolium chloride) and BCIP (5-bromo-4-chloro-3-indolylphosphate p-toluidine) as reaction substrates. Coverslips were mounted in glycerol and images taken using 2.5 £ and 10 £ objectives and an Axioplan microscope in conjunction with an Axiocam CCD camera. Images were processed with PhotoShop 5.0 software. 
